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Abstract: In order to enhance external hardness and strength, a large-scale hydraulic gate track 
should go through heat treatment. The current design method of hydraulic gate wheels and tracks 
is based on Hertz contact linear elastic theory, and does not take into account the changes in 
mechanical properties of materials caused by heat treatment. In this study, the heat treatment 
parameters were designed and analyzed according to the bearing mechanisms of the wheel and 
track. The quenching process of the track was simulated by the ANSYS program, and the 
temperature variation, residual stress, and deformation were obtained and analyzed. The 
metallurgical structure field after heat treatment was predicted by the method based on 
time-temperature-transformation (TTT) curves. The results show that the analysis method and 
designed track heat treatment process are feasible, and can provide a reference for practical projects.     
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1 Introduction 
When a large-scale hydraulic planar steel gate opens or closes, the track is under large 
wheel pressure, and the contact area of the wheel and track suffer a large degree of local 
contact stress. The external stress can exceed 1 000 MPa, while the internal stress is much 
lower. In order to ensure the bearing performance and durability, the wheel and track have to 
go through heat treatment, which enhance not only external stiffness and the strength of the 
wheel and track, but also the plasticity and toughness inside them, and enable them to meet the 
work performance requirements. 
When heat treatment is designed for the wheel and track, the process should ensure not 
only appropriate external hardness, but also the appropriate hardness gradient, both of which 
are stipulated in the Specification for Manufacture Installation and Acceptance of Steel Gate in 
Hydraulic and Hydroelectric Engineering for Steel Gate Design (DL/T5018-94) (MEPIC 
1994). The hardness gradient of a work piece is mainly affected by processing parameters, the 
steel type, and the size and shape of the work piece. Thus, analysis should be conducted on a 
specified work piece and heat treatment process to obtain the actual hardness gradient. 
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Usually, a large-scale steel gate track is made of alloy cast steel, with a high quenching 
degree. A large degree of transient stress, residual stress, and deformation can result from 
quenching. Due to too many complex factors involved in the design of a heat treatment 
process of a large-scale hydraulic track, currently, in China, the optimization of heat treatment 
parameters is commonly put through repeated experiments of multiple combinations of 
processing parameters, and then a set of comparatively rational parameters are chosen. 
Traditional trial-and-error retooling procedures may result in lots of useless work pieces 
because the large deflection exceeds the tolerance. In order to enhance the efficiency and 
product qualification rate, numerical simulation and theoretical analysis of heat treatment 
parameters of the track is urgently needed. 
Bai (2009) researched the distribution law of hardness within the hardened layer, 
discussed the relationship between the hardness and Young’s modulus as well as the yield 
strength based on the parabola model, and simulated the contact between the wheel and track 
with the ANSYS program. Through comparison between models with different thicknesses of 
the hardened layer, external hardness, and hardness matches, it was concluded that the 
maximum equivalent stress, maximum shear stress, and displacement decrease with the 
increase of external hardness, and increase first, then decrease and level off with the increase 
of the thickness of the hardened layer. The external residual compressive stress can offset a 
certain amount of external tensile stress resulting from the contact between the wheel and 
track, which is beneficial to the contact performance. 
Cao (2001) discussed material selection and heat treatment requirements of a large-scale 
hydraulic cast track. One conclusion was that the interface between the hardened layer and the 
inner layer should be situated in areas with comparatively lower shear stress. In addition, the 
maximum shear stress should occur within the hardened layer. The thickness of the hardened 
layer should be determined by the shear stress distribution. For tracks of steel gates under high 
pressure in the Three Gorges project, the thickness of the hardened layer is twice the depth 
corresponding to the maximum shear stress. 
Li et al. (2002) simulated the residual stress, hardness, and quenching deformation of 
axisymmetric work pieces and plane strain work pieces for the first time using the DEFORM 
software package, and optimized the heat transfer coefficient during the gas quenching  
process. Since then, researchers in China and abroad have shown great interest in numerical 
simulation using computer. 
This study used the ANSYS finite element program to simulate the process of heat 
treatment and to study the effect of heat treatment on the material performance and 
deformation of tracks, and contact bearing capacity, which can provide a basis for designation 
of heat treatment parameters of large-scale hydraulic steel gate tracks and calculation of 
wheel-track contact strength. 
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2 Design of heat treatment process 
Because the large-scale steel gate track is buried in the concrete gate pier, and cannot be 
easily replaced in the case of failure, it should be ensured that the mechanical properties of 
tracks exceed those of wheels. Thus, the track can fail after the wheel does. Taking the track of 
the steel gate under high pressure in the Three Gorges project as the study object, the heat 
treatment parameters of the track were designed, the track temperature field was simulated by 
the ANSYS program, and the results of heat treatment were analyzed. The cross-sections of 
the track and wheel of the steel gate under high pressure in the Three Gorges project gate are 
shown in Fig. 1. The track was made of 42CrMo, and the wheel was made of 35CrMo, both of 
which have a high quenching degree and toughness, low quenching deformation, and high 
creep strength at a high temperature, and are suitable for large section forging. 
 
Fig. 1 Cross-sections of track and wheel (Unit: mm) 
Currently, the hardness index is usually chosen based on engineering experience. 
Conversion of Hardness and Strength for Ferrous Metal (CISA 1999) points out that there is a 
certain relation between the wheel’s external hardness and allowable contact stress, shown in 
Table 1. For the wheel support structure of the gate in the Three Gorges project, the calculated 
maximum contact strength was maxσ = 1 056 MPa, under the design wheel load of 4 100 kN, 
according to the Hydraulic and Hydroelectric Engineering Specification for Design of Steel 
Gate (MWRC 1995). According to Table 1, the external hardness of the wheel should reach 
430 HB, and the external hardness of the track should be 50 HB greater than that of the wheel, 
and should reach 480 HB. In fact, however, due to the lack of theoretical guidance for heat 
treatment, the actual external hardness of the wheel and track are 277 HB and 333 HB, 
respectively, which are lower than the requirements listed in Table 1. 
Table 1 External hardness and allowable contact stress of wheel 
Surface hardness 
(HB) 
Allowable contact stress (MPa) Surface hardness 
(HB) 
Allowable contact stress (MPa) 
Linear contact Point contact Linear contact Point contact 
300 600-750 150-187 430 860-1 075 215-270 
320 640-800 160-200 490 990-1 240 248-310 
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Some parameters should be chosen for the design of the quenching and tempering 
processes, including quenching temperature, holding time, cooling time, quenchant, tempering 
temperature, and tempering time. Based on the Heat Treatment Manual (CMES 2008), for 
42CrMo, the temperature at which austenite begins to form on heating (Ac1) is 730ć, the 
temperature at which transformation of ferrite into austenite is completed on heating (Ac3) is 
800ć, and the temperature at which the transformation from austenite to martensite begins on 
cooling (Ms) is 310ć. The quenching temperature should be 50  to ć 100ć above the Ac3 
value. Thus, a quenching temperature of 850ć was initially selected, and the temperature was 
held for 2 h, in order to ensure that a uniformly distributed austenite structure could be formed. 
It was assumed that the whole work piece was in an 850ć uniform temperature field at the 
beginning of the cooling period. 
The time-temperature-transformation (TTT) curves of undercooled austenite for 42CrMo 
can be obtained from the Heat Treatment Manual (CMES 2008). The temperature at the 
inflection point is tm = 460ć, and the incubation time at the inflection point is m 2 sτ = . Thus, 







′ =  = 135ć/s                           (1) 
If the surface cooling rate is greater than the critical cooling rate, 100% martensite can be 
obtained. Considering that the size of the track cross-section is large, if static water quenching 
is adopted, a large portion of martensite can be obtained, but fissures may occur on the work 
piece due to excessive thermal stress. Thus, the quenching method includes heating the track 
up slowly until 850ć, holding the temperature for 2 h, undertaking 20ć static N32 oil 
quenching for 20 min, and then cooling it in open air to the room temperature. 
Usually, heavy forgings should go through tempering after quenching, in order to 
eliminate or reduce residual stress caused by quenching, and to enhance ductility. The higher 
the tempering temperature reaches, the more the hardness and strength will be lost. 
Considering the benefit of the residual compressive stress to the operation of large-scale 
hydraulic steel gate tracks and wheels, medium-temperature tempering is adopted, the 
tempering temperature ranges from 180ć to 200ć, and the tempering time can be shortened 
to 3 h. 
3 Simulation of track temperature field 
During the quenching process of the track, the transformation of overcooled austenite 
towards martensite, bainite, pearlite, and ferrite is determined by the change of temperature 
field. Thus, the temperature field during the quenching period should be simulated   
precisely first. 
As for heavy forgings, the latent heat has little influence on the external area because the 
temperature field is mainly determined by the fierce heat interchange. However, the latent heat 
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Fig. 2 Finite element model mesh of track 
can greatly affect the internal area where the heat conduction speed is much slower. Li et al. 
(2008) provided two ways to consider latent heat, and obtained the heat enthalpies of ferrite, 
pearlite, bainite, and martensite during austenite decomposition, of 2.9, 6.0, 6.2, and 6.5 J/m3, 
respectively. Since the decomposition of austenite is closely related with temperature, latent 




n nH f fq H f
t
ρ ρ+Δ −= = Δ Δ
Δ
                         (2) 
where vq  is the latent heat, HΔ  is the heat enthalpy during austenite decomposition, ρ  is 
the density of the track, tΔ  is the time step, nf  is the transformed volume at the nth time 
step, and fΔ  is the transformed volume per time step. In the finite element analysis, the 
latent heat is treated as an inner heat source. 
The established finite element analysis model for the track of the steel gate under high 
pressure in the Three Gorges project is shown in Fig. 2. In total, 4 296 PLANE77 elements 
were generated. The initial temperature was set as 850ć, and the cooling time as 1 200 s. As a 
boundary condition in the finite element simulation, a synthetic surface heat transfer 
coefficient has a significant influence on precise simulation of the temperature field. Buczek 
and Telejko (2004) presented a method for determining the heat transfer coefficient, that is, an 
inverse solution to the heat transfer equation. In 
that solution, the temperature values at certain 
points, which are experimentally determined 
during sensor cooling, are set in the equation. 
This study adopted the data obtained by Chen et al. 
(2008), and the synthetic heat transfer 
coefficients used are shown in Table 2. All the 
thermophysical properties used are 
temperature-dependent, and the values between 
the given temperatures are determined by linear 
interpolation. The thermophysical properties of 
42CrMo (Tan and Guo 1994) are listed in Table 3.  
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Specific heat capacity 
(J/(kg·K)) 
Elastic modulus 
(105 MPa) Poisson’s ratio
Linear expansion rate 
(10−5/ć) 
20 38.58 470 2.10 0.293 1.230 
100 36.17 484 2.03 0.293 1.260 
200 35.13 521 1.89 0.295 1.360 
300 34.12 560 1.86 0.304 1.650 
400 32.98 607 1.64 0.320 1.980 
500 31.43 668 1.44 0.322 2.000 
600 28.86 745 1.44 0.336 2.033 
700 24.57 873 1.44 0.337 2.043 
800 20.66 796 1.21 0.345 2.047 
900 23.87 684 1.20 0.350 2.048 
The temperature field at t = 375 s is shown in Fig. 3. Fig. 4 shows the cooling curves 
along the symmetry axis, at different depths (d = 0, 1.7, 3.3, 5, 10, 20, and 50 mm) beneath the 
tread, which is at the top surface of the track, as shown in Fig. 3. The temperature differences 
between points at d = 0 and d = 50 mm during oil quenching and water quenching are shown 
in Fig. 5. It is demonstrated that the temperature difference between the external and internal 
areas during water quenching is very significant and reaches about 650ć, and the temperature 
difference during oil quenching reaches about 400ć. Thus, it is reasonable to choose oil 
quenching instead of water quenching, considering the size of the track. Fig. 6 shows the 
cooling rates at different depths from d = 0 to d = 50 mm. The external cooling rate depends on 
both the heat transfer coefficient and the thickness of the work piece, while the internal 
cooling rate is mainly affected by the thermal conductivity of the material. The average 
external cooling rate at 700ć during oil quenching here merely reaches −80 ć/s.  
       
       Fig. 3 Temperature field at t = 375 s         Fig. 4 Cooling curves at different depths beneath tread  
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Fig. 7 Mesh of three-dimensional track model 
    
Fig. 5 Temperature differences between points at    Fig. 6 Cooling rates at different depths beneath tread 
            d = 0 and d = 50 mm 
4 Numerical simulation of thermal stress and deformation 
As for the quenching process, it is difficult to adopt a perfect constitutive model of the 
material. In general, the total strain increment of the material can be divided into five parts and 
can be described as follows: 
  e p t tr tpd d d d d dij ij ij ij ij ijε ε ε ε ε ε= + + + +                     (3) 
where ed ijε , 
pd ijε , 
td ijε , 
trd ijε , and 
tpd ijε  are the elastic strain increment, the plastic strain 
increment, the thermal strain increment, the phase-transformation strain increment, and the 
transformation-induced plasticity strain increment, respectively. According to Zhang et al. 
(2010) and Tawfik et al. (2008), as for heavy forgings, the residual strain is mainly comprised 
of the first three strain increments, while the other two can be neglected. 
There are two methods of realizing thermal-solid coupling in ANSYS, the direct coupling 
method and indirect coupling method. According to Li et al. (2004), the effect of deformation 
of the track on the temperature field can be neglected in the heat treatment process. This study 
adopted the direct coupling method to carry out thermal-solid coupling analysis. A SOLID5 
element was used. According to the symmetry of an actual work piece, we took out 1/4 of the 
track with a length of l = 2 m for modeling. 
The model mesh is shown in Fig. 7. Under 
high temperatures, the yield stress of steel 
decreased significantly, and a large degree of 
deformation can be caused. Thus, 
high-temperature mechanical properties 
have a significant influence on precise finite 
element simulation. The bilinear kinematic 
hardening model was adopted in ANSYS. 
The mechanical properties of the material at 
different temperatures are shown in Table 4. 
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Fig. 9 Variation of mid-span deflection with time 













20 700 82.5 500 573 68.6 
200 650 79.0 600 458 66.0 
300 640 75.5 900  18 0 
The deflection curves of lines AD and A'D' at t = 1 200 s are shown in Fig. 8. The 
variation of the mid-span deflection with time is shown in Fig. 9. 
 
        Fig. 8 Deflection curves of lines AD and AƍDƍ at t = 1 200 s 
Under high temperatures, the elastic 
modulus and yield stress of steel are very 
low, and a large degree of deformation 
readily occurs at the initial stage of oil 
quenching. Then, the deformation decreases 
gradually with the variation of the thermal 
stress. As shown in Figs. 8 and 9, the 
mid-span deflection maximizes at t = 375 s, 
then decreases and steadies at 0.777 mm, 
merely l/2574. The lateral deflection is very 
little as well. Specification for Manufacture 
Installation and Acceptance of Steel Gate in 
Hydraulic and Hydroelectric Engineering (MEPIC 1994) stipulates that, as for the main track, 
auxiliary track, and reverse track, the straightness of the tread should be less than 1/1 500 of its 
length, and less than 3.0 mm. Thus, the residual deformation after oil quenching meets the 
requirement of specifications. 
5 Analysis of heat treatment results 
Through overlapping the cooling curves with the TTT curves of 42CrMo with the origin 
software, Fig. 10 was obtained, in which T1 and T2 curves are the transformation beginning 
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and ending curves, respectively. It can be seen from the diagram that the cooling curves at   
d = 0 and d = 1.7 mm rapidly pass through the pearlite transformation zone, directly run into 
the bainite transformation zone, and reaches Ms point ahead of T2 curve. Thus, it can be 
roughly estimated that nearly 100% martensite can be obtained. At the same time, a large 
portion of bainite and a small portion of pearlite are generated nearly 2 mm beneath the tread. 
Table 5 lists the hardness and strength of different metallurgical structures, and the hardness 
and strength of the material are determined by the weighted average of hardness and strength 
of different metallurgical structures. It is estimated that after static N32 oil quenching, the 
track external hardness can reach 550 HB, and the strength can reach more than 1 000 MPa, 
which meets the requirements listed in Table 1. 
 
Fig. 10 Comparison between cooling curves and TTT curves 
Table 5 Hardness and strength of metallurgical structures 
Metallurgical structure Hardness (HB) Strength (MPa) Metallurgical structure Hardness (HB) Strength (MPa) 
Martenite 645 1 166 Ferrite 100 170 
Bainite 396-440 1 158 Austenite 200 405 
Pearlite 285  542    
6 Conclusions 
(1) The quenching process of the hydraulic steel gate track was simulated with ANSYS. 
The results suggest that, the temperature difference between the internal and external areas can 
reach 400ć during static N32 oil quenching, and 650ć during water quenching. After static 
N32 oil quenching, the residual deformation of the track is low enough to meet the 
specification requirements. 
(2) Through comparison of the cooling curves with the TTT curves, it is estimated that 
the products obtained on the work piece surface are mainly martensite, and a large portion of 
bainite and a small portion of pearlite are generated nearly 2 mm beneath the tread. 
(3) The hardness and strength of the material can be estimated by the weighted average of 
hardness and strength of different metallographic structures. After static N32 oil quenching, 
the external hardness of the track can reach 550 HB, and the strength can reach more than    
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1 000 MPa, indicating that the mechanical properties increase by a large degree and the 
requirements of external hardness can be met. 
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